We present the structural and dynamical studies of layered vanadium pentaoxide (V 2 O 5 ). The temperature dependent X-ray diffraction measurements reveal highly anisotropic and anomalous thermal expansion from 12 K to 853 K. The results do not show any evidence of structural phase transition or decomposition of α-V 2 O 5 , contrary to the previous transmission electron microscopy (TEM) and electron energy loss spectroscopy (EELS) experiments. The inelastic neutron scattering measurements performed up to 673 K corroborate the result of our X-ray diffraction measurements. The analysis of the experimental data is carried out using ab-initio lattice dynamics calculation. The important role of van der-Waals dispersion and Hubbard interactions on the structure and dynamics is revealed through the abinitio calculations. The calculated anisotropic thermal expansion behavior agrees well with temperature dependent X-ray diffraction. The mechanism of anisotropic thermal expansion and anisotropic linear compressibility is discussed in terms of calculated anisotropy in Grüneisen parameters and elastic coefficients. The calculated Gibbs free energy in various phases of V 2 O 5 is used to understand the high pressure and temperature phase diagram of the compound. Softening of elastic constant (C 66 ) with pressure suggests a possibility of shear mechanism for α to β phase transformation under pressure.
I. INTRODUCTION
The battery research is progressively increasing for the efficient use of energy to make the batteries lighter, quickly chargeable, safer, long liver, stable and cost effective [1] [2] [3] [4] . There are relatively few gains that can be made to the battery besides directly improving component materials.The stability, safety and performance of these materials are related to their behavior (thermal expansion and phase transitions) in temperature and pressure range of interest [5] [6] [7] [8] [9] [10] [11] . The activation energy and mechanism for Li diffusion is very important to know for these materials. The accurate measurement/calculation of phonon frequencies is needed to calculate the vibrational pre-factor which is directly related to jump frequency and hence the diffusion coefficient 12 . These demanding improvements can be achieved by having an intensive microscopic understanding of atomic level dynamics of these materials 4, 13 . Vanadium based oxides show a variety of interesting properties like catalytic behavior 14, 15 , metal insulator transition [16] [17] [18] and super capacitor 11, 19, 20 properties. The low cost, high abundance, easy synthesis and high energy density 21, 22 of vanadium pentaoxide (V 2 O 5 ) make it useful as a cathode material for Li and Na ion batteries 4, 9, 23-30 . It also finds application in solar cells 31 as window material, antireflection coatings, critical temperature sensors 32 and light detectors. The sheets made of entangled vanadium oxide nano fibers behave like actuators 33 (artificial muscles) that contract reversibly under an electrical signal due to its good mechanical properties.
At ambient condition, vanadium pentaoxide crystallizes in orthorhombic phase (space group bonded to a single vanadium that forms the apex of the pyramids; chain (O3) that binds to three vanadium; and bridge (O1) that is bonded to two vanadium atoms and couples the chains together.The V atom inside the pyramid is shifted towards the apex O2 atom.
Vanadium pentoxide has been studied by a variety of experimental techniques over a range of temperatures. Thermal expansion coefficients of α-V 2 O 5 as measured using dilatometer methods 35 in temperature range of 303-723K is found to be 0.63 ×10 -6 K -1 . On the other hand the value from X-ray powder diffraction 36 in temperature range 303-902K, is found to be17.2 ±1.4 ×10 -6 K -1 . The thermal expansion behaviour is highly anisotropic with α a = (9.5± 0.9) x10 -6 K -1 , α b = (6.9± 1.3) x10 -6 K -1 and α c =(35.2± 1.8)x10 -6 K -1 . The large value of α c may be due to weak van der Waal interaction between the layers along the c-axis 36 . There is a large discrepancy between the dilatometer and X-ray diffraction results of thermal expansion behaviour.
The transmission electron microscopy 37 (TEM) and electron energy loss spectroscopy (EELS) 38 43 . Balog et al report that β and δ phases could be quenched to ambient pressure and temperature.
The zone-centre phonon spectrum of α-V 2 O 5 has been studied by spectroscopic experiments [44] [45] [46] [47] [48] [49] [50] and calculations based on density functional perturbation methods [51] [52] [53] [54] . The calculated stretching modes frequencies in these studies are found to be either overestimated or underestimated depending upon the type of exchange correlation used. A comparative study 51 among bulk and monolayer structures has been made treating vanadium semi-core states 3s and 3p as bands. The relative intensities showed somewhat larger discrepancies compared to experimental Raman spectra. Moreover, high energy mode frequencies are highly overestimated 51 .
Here we report our investigations of the structure and dynamics of V 2 O 5 through X-ray diffraction, inelastic neuron scattering and ab-initio calculations. The main motive for the high temperature studies is to obtain unambiguous temperature dependence of lattice parameters and to study the high temperature decomposition reported previously in the literature 37, 38 . These studies provide the clarity about the reported 35, 36 
II. Experimental and Computational Details
X-ray diffraction studies from 12 to 853K are carried out using 18KW rotating Cu anode based powder diffractometer operating in the Bragg-Brentano focusing geometry with a curved crystal monochromator. Data were collected in the continuous scan mode at a scan speed of 1 degree per minute and step interval of 0.02 degree in the 2θ range of 10°-120°. The structural refinements were performed using the Rietveld refinement program FULLPROF 55 .
The inelastic neutron scattering measurements are carried out using time of flight IN4C spectrometer at the Institut Laue Langevin (ILL), France. Thermal neutrons of wavelength 2.4 Å (14.2 meV) in neutron energy gain mode are used for the measurements. The momentum transfer, Q, extends up to 7 Å -1 .In the incoherent one-phonon approximation, the measured scattering function S (Q, E), as observed in the neutron experiments, is related to the phonon density of states 56, 57 g (n)( E) as follows:
Where the + or -signs correspond to energy loss or gain of the neutrons respectively and where 1 B n(E,T) exp(E/k T) 1 
III. RESULTS AND DISCUSSION

A. X-Ray Diffraction
The powder X-ray diffraction measurements are performed (Fig 2) in the temperature range 12-853 K that extends beyond the reported decomposition 37 temperature 673 K.The measurements are used to investigate the phase stability and thermal expansion behaviour of the compound. Fig 2 shows the evolution of powder diffraction pattern at selected temperatures. For clarity the diffraction patterns are shown (Fig 2) only upto 2θ=35 o . It is evident from the figure that we do not observe any dramatic change in the powder diffraction pattern with temperature. We find that on increasing temperature from 12 K, the most intense peak in the diffraction pattern around (2θ=20.3 o ), corresponding to (001) Bragg reflection, shifts toward lower 2θ value. This peak corresponds to the interlayer distance of distorted square pyramids (VO 5 ) lying perpendicular to the orthorhombic c-axis. The shift is due to the expansion of the lattice along the c-axis (Fig 2) , with increase of temperature. Moreover, the Bragg peaks (201) and (301) respectively. The large value of α c may be due to weak van der Waal interaction between the layers along the c-axis. As a result, the VO 5 polyhedral layers move further apart from each other with increase of temperature. On the average a 3.7 % change in volume is observed on increase of temperature from 12K up to 853 K. We did not observe any signature of decomposition of V 2 O 5 at around 673 K as reported previously 37 using transmission electron microscopy. (TABLE I) . Moreover, the calculated V-O bond lengths and bond angles by this approach agree very well with the experimental values.
B. Role of van-der Walls and Hubbard onsite
The charge density in the ac plane as obtained from GGA calculations is plotted in Fig 3. It can be seen that V-O2 bond is a very strong bond (along c-axis) with large electron density in between the bonded atoms. The calculated charge density (Fig 3 (a) ) implies that V-O1 is stronger than V-O3 bond and is consistent with the experimental bond lengths [TABLE I ]. The inclusion of the van der Waals interaction (Fig 3(b) ) brings VO 5 layers closer along 'c' axis and also modifies [ and as a result of vdW interaction these chains come close in the similar way as that of VO5 layers along c-axis. The weakest V-O3 bond expands significantly along a-axis. O 1 atom is covalently bonded to two V atoms along a-axis and does not allow expansion of the V-O1 bond. Moreover O2 of next layer push the O1 atom of present layer in the ab plane, increasing electron density in V-O1 bond region; strengthen the bond (Fig 3(b) ). Due to the expansion of V-O3 bond lengths, a-lattice parameter increases slightly on inclusion of van der Walls interactions. The effect of van der Waals interactions is more pronounced in β-phase as compared to that in α -V 2 O 5 .
This is due to the geometry of these structures. The polyhedral layers in β-V 2 O 5 form a key-lock geometry where polyhedral units in one layer are just above the voids in the next layer (Fig 1(c) ). This In case of δ-V 2 O 5 , the strings of pairs of edge sharing distorted octahedra are connected through corner O atom in a zigzag fashion (Fig 1 (d) 
C. Phonon Spectra of α-V 2 O 5
The temperature dependent neutron inelastic scattering measurements of α-V 2 O 5 from 313 K up to 673 K are shown in Fig 4. As mentioned above the phonon measurements are carried out in neutron energy gain mode. So at 313 K, the low population of high energy phonons restricted us to obtain the phonon spectra only up to 110 meV. As we increase the temperature, the high energy phonons get populated and statistics of spectra at high energy improves. We did not find any significant change in the spectra at higher temperature, which is also corroborated from result of our X-ray diffraction measurements that there is no phase transition or decomposition in the temperature range of our study.
The measured spectra are further used to validate the ab-initio density functional theory calculations.
The calculated phonon spectra using ab-inito calculation are shown in Fig 4. The computed phonon spectrum under GGA+vdW+U is found to be in excellent agreement with the measured spectra. There exists a band gap in the phonon spectra from 110-120meV, which is also observed in previously reported IR and Raman measurements [46] [47] [48] . negligibly small in these phonon modes. As interlayer spacing is found to be correctly reproduced by inclusion of the van der Waals and Hubbard interaction, the calculated energies of these modes are in good agreement with the experimental data. We note that the vibrational modes calculated at 856 cm -1 is found to be highly underestimated. The mode involves the vibrations of O1 atoms in the ab-plane while O3 atoms are at rest. The O1 atoms in successive layers vibrate anti-parallel to each other.
D. Elastic and Anomalous Thermal Expansion Behavior of α-V 2 O 5
The elastic constants are calculated using the symmetry-general least square method 87 The very high values of C 11 and C 22 relative to C 33 imply that the structure is less compressible along a-and b-crystallographic axes. C 33 component is very small that results in high compressibility of the structure along c-axis, which is due to the layered nature of the structure along c-axis.
The quasiharmonic approximation is used to calculate the linear thermal expansion coefficients along the 'a', 'b' and 'c' -axes. The anisotropic pressure dependence of phonon energies in the entire Brillouin zone is needed for this purpose. These calculations are subsequently used to obtain the mode Grüneisen parameters. Depending on the context, the Grüneisen parameters are often defined and used in different ways in the literature [89] [90] [91] . We calculated the mode Grüneisen parameter for each phonon mode. Experimentally these are measured from pressure dependence of phonon frequencies.
Theoretically, these are derived from phonon frequency change with volume (isotropic system) or lattice parameters (anisotropic system). The quasi-harmonic calculations of thermal expansion behavior are performed from the phonon frequencies at fixed absolute zero temperature. According to latest advance in Grüneisen's original work for anisotropic system 90, 91 , the Grüneisen parameter is given by a general expression as 
The calculated linear thermal expansion coefficients and the lattice parameters as a function of temperature are shown in Fig 7(b) and 7(c) respectively. The calculated temperature dependence of the lattice parameters is in good agreement (Fig 7(b) ) with the experimental data. However, above 500 K, the calculated parameters deviate slightly from the experiments. This might be due to the fact that at high temperature the explicit anharmonicity of phonons plays an important role. This effect has not been considered in the thermal expansion calculation, which includes only the volume dependence of phonon energies (implicit contribution).The thermal expansion behaviour from eq. (4) can be expressed as (6) The thermal expansion coefficient along a axis (α a (T)) has a negative value upto300 K (Fig. 7 (d)) which becomes positive at higher temperatures. The calculated coefficients of anisotropic thermal expansion (Table III) , α c = 7.4×10 -6 K -1 . The mode produces contraction along a-axis. Basically the mode involves (Fig 7 (e) ) the out of phase motion of different polyhedral units in the same layer along c-axis.
This favors VO 5 pyramids to come close along a-axis giving rise to negative thermal expansion along aaxis while favoring the expansion of c-axis. The other mode at around 20 meV (α a = -2.
, α c =10×10 -6 K -1 ) involves (Fig 7(f) ) the out of phase motion of V and O atoms in the a-c plane. It gives rise to overall contraction along b-axis.
E. High Pressure Study of V 2 O 5
Orthorhombic, α-V 2 O 5 is studied under high pressure by various experimental techniques like This gives rise to an expansion of square pyramid in a-b plane which can be seen from increasing V-V bond lengths (Fig 8(c) ) along a-axis. The effect of expanding square plane of VO 5 square pyramids is more pronounced along a axis in comparison to that along b axis. The increase in V-V bond length along a-axis is governed by opening of the ∠V-O1-V and ∠O1-V-O3 bond angles (Fig 8(d) ) with increase of pressure. This gives rise to a negative linear compressibility along a axis of α-V 2 O 5 . The diminishing difference between the b and c lattice implies a continuous change of the V coordination from square pyramidal towards octahedral. The V-O2 interlayer bond length in the α-phase, which is 2.8 Å at P=0, gradually reduces to 2.3 Å up to 6 GPa approaching the value in the β-phase.
We have investigated likely phase transitions by the minimization of Gibbs free energy, which is the basic requirement for the stability of one phase compared to the other phases, and is given by
Where U is the internal energy, S is phonon entropy and P, V and T are pressure, volume and temperature respectively. The phonon entropy is calculated from the phonon spectra over the entire Brillion zone under quasiharmonic approximation using
The phonon spectra are first calculated as a function of pressure for the various phases using the GGA+vdW+U optimized structures. The calculated phonon dispersion and phonon density of states for various phases at ambient conditions are given in Fig. 9 for comparison. The significant gap in the phonon spectra at around 100-120 meV in α-V 2 O 5 disappears as we go from α-V 2 O 5 to δ-V 2 O 5. The Gibbs free energy has been calculated (Fig 10) for the three phases We find free energy crossover (Fig 10) between α to phases at around 1.5GPa at 1000 K. The critical pressure for α-transition is somewhat underestimated from the experimental value 41 of 4.0
GPa. The α to phase transformation is of first order and involves volume drop of about ~11%. The structure of the phase is monoclinic containing VO 6 octahedral units. The VO 6 octahedra are found to be highly distorted [TABLE III ]. Further comparison of the free energy of and δ phase (Fig 10) indicates that δ phase is stable above 3 GPa and 1500 K. The to δ transition is experimentally 
IV. CONCLUSIONS
The experimental X-ray diffraction and inelastic neutron scattering studies along with extensive with pressure which suggests a possibility of shear mechanism for this phase transformation. The calculations in the present study are performed using the optimized minimum energy structures while the previous calculations [51] [52] [53] were performed at experimental fixed volumes. 40, 93 .
